To explain the transient anemia and poikilocytosis seen during infancy in hereditary elliptocytosis (HE), we resealed erythrocyte (RBC) ghosts from affected children or their elliptocytic parents with 2,-diphosphoglycerate (DPG) (0-8 mM), a compound that dissociates membrane skeletons, then measured ghost mechanical stability in the ektacytometer. Without added 2,3-DPG, ghost mechanical stability was subnormal in infantile poikilocytosis (IP) and HE but was even more abnormal in hereditary pyropoikilocytosis (HPP). Addition of 2,3-DPG (2.55 mM) to IP or HE ghosts, decreased their stability to that of HPP ghosts (without 2,3-DPG). Nonphysiological 2,3-DPG levels (6-8 mM) were required to elicit a similar effect in normal ghosts. The data suggest that free 2,3-DPG, present in neonatal RBC as a consequence of diminished binding to HbF, may render HE suscep-
Introduction
Transient hemolytic anemia and bizarre erythrocyte morphology, resembling that seen in hereditary pyropoikilocytosis, may occur in young infants from kindreds in which one parent has elliptocytosis (1) (2) (3) (4) (5) . Affected infants, who have usually been Black, often require transfusion in early infancy for anemia or hyperbilirubinemia. At -6 mo of age, hemolytic anemia disappears or diminishes in severity and, thereafter, erythrocyte morphology becomes more purely elliptocytic, like that of the affected parent.
The cause of these transient hematologic abnormalities is unknown. One proposed explanation is that the skeletal abnormality responsible for elliptocytosis is itselfdifferent in fetal red cells than in adult cells. Although there are definite differences that distinguish the membrane of the fetal red cell from that of adult erythrocytes (6) , most available evidence indicates that the membrane skeleton and its component proteins are identical in uously recorded as the suspending medium osmolarity was linearly increased from 50 to 500 mosM/kg (1 1).
Membrane stability assay. We measured membrane resistance to shear induced fragmentation by subjecting resealed ghosts to a constant shear stress of 575 dynes per square centimeter in the ektacytometer (12) . Toward the end of 1984, the original analogue processing ektacytometer was replaced by a second generation digital processing machine. Ghost mechanical stability assays were run at a higher shear stress (650 or 785 dyne/cm2) on this instrument. The major difference between the two instruments was the geometric location ofthe areas ofthe diffraction pattern selected for scattered light intensity measurements to generate the deformability index (DI). In the earlier system, the DI values generated were higher than in the later system. Because of these design changes, the relative DI changes during membrane stability measurements were different in the two systems. Ghosts were suspended in a dextran solution of 97 centipoise (cp) viscosity and the ektacytometer chamber rotated at a speed of 110-150 rpm to generate the desired shear stress. A decrease in the DI generated by the ektacytometer has been shown to reflect fragmentation of the intact membranes into small, undeformable spherical particles. As an index ofthe rate ofthis fragmentation process we selected the time required for the DI to fall to 60% of its highest value (T60). The 60% level was chosen because the rate offall in DI that accompanied fragmentation exhibited greater variability at lower levels. To minimize small, day-to-day variation in the absolute value of the T60 due to fluctuations in such uncontrolled variables as room temperature, we always made comparison to simultaneously studied normal erythrocyte ghosts. The mechanical stability of intact red cells was also measured in the ektacytometer, using a higher shear stress (1,300 dyne/cm2) (12) .
Red cell membraneprotein analyses. Red cell membrane ghosts were prepared essentially as described by Dodge et al. (13) . Phenylmethylsulfonyl fluoride (PMSF) 0.2 mM, was added to all preparative solutions to minimize proteolysis. Red cell membrane proteins were analyzed by one-dimensional sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) as described by Laemmli (14) using a 4.5% acrylamide stacking gel and a 4-15% nonlinear acrylamide gradient separating gel. A crude spectrin extract was obtained from fresh ghosts by dialysis for 20-24 h at 0-40C in low ionic strength buffer containing 0.1 mM sodium phosphate, 0.1 mM ethylenediaminetetracetic acid, 0.1 mM fB-mercaptoethanol and 0.2 mM PMSF at pH 8 (10) . The percentage of spectrin dimers (expressed as dimers/dimers plus tetramers) present in this extract was determined by nondenaturing polyacrylamide gel electrophoresis as described by Liu and Palek (15) . The crude spectrin extracts were also subjected to limited tryptic digestion at 04'C, essentially as described by Lawler and his co-workers (8) . For these studies, the crude spectrin extracts were dialyzed for 16 h at 00C against 200 vol of 20 mM Tris buffer, pH 8, in order to remove PMSF. The protein concentration of the dialysed spectrin extract was determined using a Bio-Rad assay.
Trypsin-TPCK was then added to the extract at ratios of 1:100 or 1:200. (wt/wt) and limited digestion allowed to proceed for 16-20 h at 0°C (16) . The reaction was terminated by the addition of DFP to a final concentration of 1 mM (16) . Analysis of the spectrin fragments produced by digestion was carried out using a two-dimensional isoelectric focusing/ SDS-PAGE system (17) .
Preparation ofresealed ghosts containing 2,3-DPG Fresh red cells were washed three times with Tris-saline buffer (5 mM Tris, 140 mM NaCl, pH 7.4). 40 ml of cold lysing buffer (5 mM Tris, 7 mM NaCl, pH 7.4) was then added to 2 ml of packed red cells. After gentle shaking, the suspension was centrifuged at 20,000 g for 5 min and the supernatant removed by aspiration. 2 ml ofthe ghosts thus obtained were added to 20 ml of cold resealing buffer (5 mM Tris, pH 7.4, plus 140 mM NaCl) to which had been added various concentrations (0-15 mM) of2,3-DPG (cyclohexylammonium salt). After incubation at 37°C for 1 h, the resealed ghosts were centrifuged at 20,000 g for 5 min. Packed ghosts (100 $l) were added to 35% dextran in 180 mosM phosphatebuffered saline (pH 7.4, final osmolarity, 290 mosM) and the ghost mechanical stability determined immediately in the ektacytometer as described earlier. Resealed ghosts could be held on ice for at least 2 h without any change in mechanical stability. All measurements were completed in < 1 h from completion of ghost preparation. For determination of2,3-DGP levels, an aliquot ofthe packed ghosts were washed and suspended in saline at a hematocrit of 30-40%, then extracted with perchloric acid. To prepare the extracts, an aliquot (0.5 ml) of ghosts was added to 1 ml of ice-cold 1% perchloric acid. The clear supernatant was neutralized with 5 M potassium carbonate and stored for subsequent assay. 2,3-DPG was assayed spectrophotometrically by the method of Keitt (18 16 .7 mg/dl). On admission, the hemoglobin was 11.7 g/dl, the reticulocyte count 2.8%, and the red cell morphology resembled that of hereditary pyropoikilocytosis, with occasional pyknocytes also noted. By 5 wk of age, the hemoglobin had fallen to 6.5 g/dl and the patient was transfused. Thereafter, the hemoglobin remained above 9 g/dl and the reticulocyte count and red cell indices were normal. Elliptocytes became increasingly prevalent on the blood smear, but even at 22 mo of age poikilocytic, microcytic fragments were still evident. Elliptocytes were abundant in the peripheral blood of the father, who was Black, but his peripheral blood counts were normal. Blood counts and red cell morphology were entirely normal in the mother, who was Caucasian. Patient P.D., the younger sibling of B.D., was treated with phototherapy for neonatal hyperbilirubinemia. A poikilocytic, hemolytic anemia (Hb = 13.3 g/dl on day 5 of life), exactly like that noted in B.D., was present and gradually worsened, reaching a nadir (Hb = 8 g/dl) at 6 wk of age. Transfusions were not required and by 10 mo of age the hemoglobin (10.9 g/dl) and reticulocyte count (0.2%) were normal.
Family W. S.W., a full-term Caucasian male, required phototherapy for neonatal hyperbilirubinemia. At birth, the hematocrit was 39% and the erythrocyte morphology resembled that of hereditary pyropoikilocytosis. By 6 wk of age, the hemoglobin had fallen to 7.9 g/dl and the reticulocyte count was 13.7%. By 25 wk ofage the hemoglobin had risen to 12 g/dl but reticulocytosis persisted (5%). The red cell indices were normal and the erythrocyte morphology was now that of elliptocytosis rather than pyropoikilocytosis. The patient's mother, who was reportedly anemic during pregnancy but not at other times, had elliptocytosis but a normal reticulocyte count. The only sibling ofS.W. required treatment for hyperbilirubinemia at birth and currently has elliptocytosis and reticulocytosis (1.8%) but not anemia (hemoglobin 11.8 g/dl). The father was hematologically normal.
Family C. J.C., a full-term Caucasian female, (birthweight, 3,380 g), required phototherapy for neonatal hyperbilirubinemia. On the eighth day oflife, the hemoglobin was 14.1 g/dl. Mild to moderate abnormalities of erythrocyte morphology were noted (anisocytosis, poikilocytosis, elliptocytosis). By 9 wk of age the hemoglobin had dropped to 7.5 g/dl. The reticulocyte count was 4.1% and the erythrocyte morphology resembled that ofhereditary pyropoikilocytosis, with 12% pyknocytes also noted on the peripheral blood smear. By 30 wk of age, anemia was no longer present (hemoglobin 10.8 g/dl). The reticulocyte count and red cell indices were normal and the blood cell morphology was now consistent with hereditary elliptocytosis. The mother was not anemic but had elliptocytosis. The father and one sibling were hematologically normal.
Hematologic studies
The duration and extent of anemia in affected infants from the four families is shown in detail in Fig. 1 . In general, the anemia reached a nadir at from 1 to 3 mo of age and was no longer present at 6 mo. Tests for immune hemolysis were negative in each infant. The postnatal decline in the amount of hemoglobin F is also depicted in Fig. 1 . In the four infants with poikilocytosis, the fall in hemoglobin F appeared to be slightly accelerated but still remained within the normal range. Serial red cell size distribution plots obtained in two infants are shown in Fig. 2 . In patient B.D., a persistent population of extremely microcytic red cells was evident even at 22 mo of age. An equivalent population was not seen in the elliptocytic father. Red cell size distribution analyses were not performed on B.D., during the first few months of life, but were carried out on P.D., his younger brother, who had an identical poikilocytic anemia (Fig. 2) . A sharp decline in the microcytic cell fraction was evident by 8 wk of age in P.D. In another infant (A.B.), unrelated to the first two, the fraction of cells that were extremely microcytic exceeded the fraction that were normal until 34 mo of age (data not shown). Even then, a large fraction ofmicrocytic cells were present, the plot resembling that shown for P.D. at birth.
Red cellfragmentation and deformability
The temperature at which heated erythrocytes first exhibited morphologic changes (budding or fragmentation) is reported in Table I normal (J.C.) or exhibited a one degree decline (S.W.) in the temperature at which thermal changes occurred.
To evaluate whole cell deformability and investigate cell surface to volume relationships, erythrocytes were studied by the technique of osmotic gradient ektacytometry (Fig. 3) . In this procedure the deformability oferythrocytes in a continuously changing osmotic environment is measured in the ektacytometer. Erythrocytes from three infants with transient poikilocytosis exhibited varying reductions in maximal deformability. In these three infants (J.C., S.W., and B.D.), the results were nearly identical to those obtained using erythrocytes from their elliptocytic parents (data not shown). In a fourth infant (A.B.), whose poikilocytosis persisted beyond age 2 yr, the reduction in deformability was more severe than that noted in his elliptocytic mother but not so severe as that typical of classic hereditary pyropoikilocytosis. In this family, but not in the others, the nonelliptocytic parent also exhibited a modest reduction in red cell deformability.
The mechanical stability of erythrocyte ghosts was measured by ektacytometry. In the infants with transient poikilocytosis and in their elliptocytic parents, ghost mechanical stability was reduced to roughly half normal (Table I) . No consistent changes in ghost mechanical stability were associated with maturation in those infants in whom sequential studies were performed. In three families, the nonelliptocytic parent had no abnormalities of ghost mechanical stability but in the fourth (family B) a moderate reduction (to 74% of normal) was noted.
In family D, the mechanical stability of intact red cells was also evaluated by ektacytometry. 
Red cell membrane proteins
One-dimensional SDS-PAGE of membrane proteins obtained from infants with transient poikilocytosis and their relatives was normal in three families. In the fourth (S.W.), an abnormal alpha spectrin mutant (apparent 235,000 mol wt) which migrated between the positions ofnormal (Table I) . No consistent change in the amount ofspectrin dimers was detected during the evolution from poikilocytosis to elliptocytosis in these infants. In the fourth family, the percentage of spectrin dimers was normal to slightly increased in the affected infant (J.C.) and was normal in both parents.
Spectrin extracts were also subjected to limited tryptic digestion and the tryptic fragments obtained were analyzed by two-dimensional (isoelectric focusing/SDS-PAGE) electrophoresis. In one Black family, the infant (A.B.) exhibited a striking reduction in the normal 80-kD spectrin alpha chain fragment accompanied by the appearance of 65-, 50-, and 21-kD fragments. Digested spectrin from this infant's father, who was not elliptocytic, exhibited a less striking reduction in the 80-kD fragment. Two of the abnormal fragments (50 kD, 21 kD) noted in infant A.B. were also found in the father's digest. Digested spectrin from the ellip- (Fig 4) , while ghosts from his elliptocytic father (LD.), studied on two separate occasions, reached the same level at 2,3-DPG levels of 4.5 mmol/liter ghosts (Fig. 4) or 2.6 mmol/liter ghosts (data not shown).
Discussion
The five infants described in this report each had significant nonimmune hemolytic anemia during the first few months of life. In three, (J.C., B.D., P.D.), anemia and reticulocytosis dis- (10) . In contrast, in the other three families, one parent had elliptocytosis accompanied by a reduction in ghost mechanical fragility while the other parent was normal, suggesting that the cytoskeletal abnormalities present in the infant were inherited solely from the elliptocytic parent. Our attempts to define the erythrocyte membrane protein abnormalities present in these infants highlighted the differences between them. A spectrin alpha subunit defect (Spa"65) was detected in family D, and in family W a previously undescribed electrophoretic variant of the spectrin alpha subunit was found.
In family B, two different spectrin mutations (Spa"/65, Spa1/50) were found in the parents. Both mutations appeared to have been inherited by the infant (A.B.), who had hereditary pyropoikilocytosis. In family C, no evidence of a spectrin mutation was discovered. Thus the clinical, rheological, and biochemical evidence all indicated that a different membrane skeletal defect was present in each of the four families.
In searching for a common cause for the transient hemolytic anemia, we considered three possibilities. The first was that unique fetal membrane skeletal proteins were present at birth but were replaced during early infancy by adult counterpart proteins. This possibility seemed unlikely since others have found no evidence that the normal erythrocyte membrane skeleton is structurally different in neonatal red cells than in adult cells (7) (8) (9) . Consistent with these observations, we found that ghosts prepared from either normal neonatal or adult erythrocytes had To explore the effect of 2,3-DPG on the membrane skeletal defects present in the four families we studied, we obtained blood from two affected infants and from each elliptocytic parent. Because elliptocytic ghosts were more mechanically fragile than normal ghosts, less 2,3-DPG was required to reduce their fragility to the levels encountered in pyropoikilocytosis. presence of an inherited defect of the membrane skeleton. As area labeled HPP indicates the hemoglobin F is replaced by hemoglobin A during the first several ded 2,3-DPG) found in five pamonths after birth an increasing proportion of 2,3-DPG is bound tary pyropoikilocytosis. The to hemoglobin A and thus unavailable to interact with the meminatal red cells (25) (29) suggests that other, nonelliptocytic, membrane skeletal disorders may also be influenced by 2,3-DPG. Finally, it is conceivable that the membrane dissociating effects of free 2,3-DPG may also contribute to the long recognized but poorly understood shortened lifespan of normal fetal and neonatal red cells (30) . Such speculations are the stimulus for further investigations now under way in our laboratories.
